ABSTRACT: Ruminants contribute up to 80% of greenhouse gas (GHG) emissions from livestock, and enteric methane production by ruminants is the main source of these GHG emissions. Hence, reducing enteric methane production is essential in any GHG emissions reduction strategy in livestock. Data from 2 performance-recording research herds of Angus cattle were used to evaluate a number of methane measures that target methane production (MPR) independent of feed intake and to examine their phenotypic relationships with growth and body composition. The data comprised 777 young bulls and heifers that were fed a roughage diet (ME of 9 MJ/kg DM) at 1.2 times their maintenance energy requirements and measured for MP in open circuit respiration chambers for 48 h. Methane traits evaluated included DMI during the methane measurement period, MPR, and methane yield (MY; MPR/DMI), with means (±SD) of 6.2 ± 1.4 kg/d, 187 ± 38 L/d, and 30.4 ± 3.5 L/kg, respectively. Four forms of residual MPR (RMP), which is a measure of actual minus predicted MPR, were evaluated. For the first 3 forms, predicted MPR was calculated using published equations. For the fourth (RMP R ), predicted MPR was obtained by regression of MPR on DMI. Growth traits evaluated were BW at birth, weaning (200 d of age), yearling age (400 d of age), and 600 d of age, with means (±SD) of 34 ± 4.6, 238 ± 37, 357 ± 45, and 471 ± 53 kg, respectively. Body composition traits included ultrasound measures (600 d of age) of rib fat, rump fat, and eye muscle area, with means (±SD) of 3.8 ± 2.6 mm, 5.4 ± 3.8 mm, and 61 ± 7.7 cm 2 , respectively. Methane production was positively correlated (r ± SE) with DMI (0.65 ± 0.02), MY (0.72 ± 0.02), the RMP traits (r from 0.65 to 0.79), the growth traits (r from 0.19 to 0.57), and the body composition traits (r from 0.13 to 0.29). Methane yield was, however, not correlated (r ± SE) with DMI (-0.02 ± 0.04) as well as the growth (r from -0.03 to 0.11) and body composition (r from 0.01 to 0.06) traits. All the RMP traits were strongly correlated to MY (r from 0.82 to 0.95). These results indicate that reducing MPR per se can have a negative impact on growth and body composition of cattle. Reducing MY, however, will likely have the effect of reducing MPR without impacting productivity. Where a ratio trait is undesirable, as in animal breeding, any of the RMP traits can be used instead of MY. However, where independence from DMI is desired, RMP R should be a trait worth considering.
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INTRODUCTION
The Food and Agriculture Organization of the United Nations (FAO) recently reported that the agricultural sector is a significant source of greenhouse gas (GHG) emissions, with livestock responsible for 14.5% of global GHG emissions and ruminants contributing about 80% of the livestock emissions (Gerber et al., 2013) . Methane is the main source of GHG in ruminants and is produced as a byproduct of enteric microbial fermentation of plant material mainly in the rumen. Hence, reducing enteric methane production is essential in any GHG emissions reduction strategy in livestock.
In the last decade, there has been active development of methane measurement technologies to the stage where individual animal methane production (MPR) can now be measured on a large scale, as described by Pickering et al. (2013) . Higher feed intake is associated with higher MPR in ruminants (Blaxter and Clapperton, 1965; Pelchen and Peters, 1998) . Feed intake is highly correlated with growth and other production traits in ruminants (Arthur et al., 2001a; Lancaster et al., 2009 ); hence, breeding animals for lower MP per se may have a detrimental impact on ruminant productivity through a correlated reduction in feed intake.
Therefore, to maintain animal productivity while reducing MPR, different measures to quantify methane emissions have evolved. These measures can be classified as those aimed at reducing MPR per unit of animal product (referred to as methane intensity) and those aimed at reducing MPR per unit of feed intake (referred to as methane yield [MY] ). While there are a number of well-researched traits in ruminants that target methane intensity , there has been no critical evaluation of some of the potential traits that can be used to target reduction in MY. The objective of this paper was to evaluate a number of methane measures that target MPR independent of feed intake and to examine their phenotypic relationships with growth and body composition traits in beef cattle.
MATERIALS AND METHODS

Animals and Management
The project was approved by the New South Wales Department of Primary Industries and the University of New England Animal Ethics Committees. All animals in the project were managed according to the Australian Code for the Care and Use of Animals for Scientific Purposes (NHMRC, 2013). Data from 2 fully pedigreed, performance-recording research herds of registered Angus cattle at the New South Wales Department of Primary Industries Agricultural Research Centre at Trangie, Australia, were used in this study. Cattle at the research center grazed on pasture throughout the year. Perennial pastures included windmill grass (Chloris truncata), spear grass (Stipa spp.), and wallaby grass (Danthonia sp.). Annuals were primarily barley grass (Hordeum leporinum), rats-tail fescue (Vulpia myuros), burr-medic (Medicago spp.), and crowsfoot (Erodium sp.). Much of the summer feed consisted of dry residue from winter annuals. Supplementary feeding of hay and grains were occasionally provided when pasture availability was limited.
The animals used in this study were born in 2009, 2011, and 2012 and were raised as calves by their dams on pasture until weaning at approximately 8 mo of age. The weaned bulls and heifers remained on pasture throughout their lives except for the period of methane testing. The weight of the cattle was recorded at birth, weaning, yearling age, and close to 600 d of age, at which time body composition measurements were also taken by real-time ultrasound imaging. For the 2009-born cattle, males from both herds and females from only 1 of the herds were measured for methane, whereas for the 2011-and 2012-born cattle, animals from both sexes in both herds were measured. Methane measurements were taken at approximately yearling age (337 d of age) for the 2011-and 2012-born cattle. For the 2009-born cattle, these measurements were taken at approximately 2 yr of age (748 d of age) due to delays in construction of the methane measurement facility.
Methane Measurement Protocol
The methane testing facility, located on the University of New England campus in Armidale, NSW, Australia, had 10 open circuit respiration chambers. The chambers were of 20 m 3 internal volume with an air flow rate of 1.6 m 3 /min and consisted of enclosed pens (1.8 by 3 m) within a polycarbonate shell (3.6 by 2.4 by 2.4 m). Each chamber was big enough so an animal could turn around and had transparent walls so animals could see others in adjacent chambers. The 10 chambers were arranged in 2 rows of 5, with chamber doors opening onto a common aisle that ran between the 2 rows (Fig. 1) . The chambers were constructed of 75-mm hot dipped galvanized tubular steel modular frames, and panels for the roof, 2 sides, rear wall, and front door were made with polycarbonate (3 or 6 mm) sheeting fitted to the inside of each frame. The front door of the chamber was full width and opened into the aisle to allow cattle entry. The chambers had no inbuilt floor but were sealed in a water trench recessed into the concrete floor and were raised by pneumatics to allow hosing out of waste. Raising or lowering the chambers was achieved by 4 pneumatic rams, fitted 1 to each corner of the chamber, and these were connected to a common compressed air line. Lifting the chamber was also initiated automatically if power failed or oxygen concentration decreased below 18% (oxygen monitor pictured in Fig. 1 ). Bolted to the floor inside each chamber and 300 mm in from the chamber frame was a pen constructed of cattle panels, which were bolted to the floor and for which a full width gate was positioned directly behind the front door of the chamber itself. The permanent pen allowed cattle to be enclosed without risk of damage to the polycarbonate chamber. Water was plumbed in for a drinker and a 120-L feed bin was provided on the front gate. The floor itself was painted with a 2-part epoxy to prevent CO 2 absorption, and a 2-by 1-m rubber mat for the animal to rest on was located in the center of each pen.
The respiration chamber air flow is reliant on negative pressure in the system, achieved by 2 Aerovent HPE400 3-phase fans (Aerovent Australia, Bayswater, Melbourne, VIC, Australia) placed in parallel at the exhaust of the system. A common stream of ambient air is drawn through a 30-cm circular galvanized iron duct from the outside of the shed (on the eastern end) running above the mid line of the 2 rows of chambers (shown in Fig. 1 ). Inside the chamber, air is mixed by an oscillating fan mounted on the roof at the rear of the chamber. On the roof behind the fan, an outlet takes air from the chamber to the analysis room. Exhaust air pipes thread directly onto a flow control manifold composed of 10 mass-flow meters (Fluid Components International Model ST75V; Fluid Components International LLC, San Marcos, California) fitted before individual gate valves, which can regulate flow. A continuous subsample of gas is drawn from each gas line immediately after each flow meter, moisture is removed by a cold trap, and methane concentrations are measured over 10 s after a 40-s purge time by a Servomex analyzer (Servomex Group Limited, Crowborough, East Sussex, UK). The analyzer is a Servomex model 4100C1 fitted with infrared detectors for methane (GFx1210; 500 mg/kg) and carbon dioxide (IR1520; 1% CO 2 ) and a paramagnetic sensor for oxygen (PM1158). Air flow and gas concentration data in the sampled air are loaded directly into a daily workbook with separate Excel spreadsheets (Microsoft Corporation, Redmond, Washington, USA) for each chamber to allow gas production every 9 min to be determined. The Servomex was calibrated for methane with 2 high-purity gas standards (low, 0 mg/ kg, and high, 97.5 mg/kg methane). Methane recovery through the chambers in 2011 was measured by injection of a known dose of methane and integration of the peak area using first order kinetics. In 2012 and 2013, a continuous infusion of methane standard was used to check recoveries. The volume of methane gas production by animals was corrected for chamber recoveries and reported at normal temperature and conditions (0°C; 1.0 atmosphere pressure). Further information on the operation of the chambers and methane recording is available from Hegarty et al. (2014) .
Animals to be tested for MP were first prepared at the research center at Trangie. Within each herd and sex, cohorts of up to 40 cattle in 4 groups of 10 were formed and prepared for measurement. Progeny of individual sires were stratified across groups and cohorts. The cohort of 40 animals were weighed and then fed in their groups of 10 an amount calculated, using the Australian feeding standards formulas (SCA, 2000) , to provide 1.2 to 1.5 times their estimated energy requirement for maintenance. The test ration was a commercial alfalfa and oaten hay chaff purchased from the same supplier over the duration of the experiment (Manuka "Blue Ribbon" chaff; Manuka Chaff Pty. Ltd., Quirindi, NSW, Australia). The mean nutritional values of subsamples of the test ration over 3 yr were 88% DM, 14% CP (DM basis), 67% DM digestibility (DMD), and ME content of 9 MJ/kg DM (NSW Department of Primary Industries Feed Quality Service, Wagga Wagga, NSW, Australia). After 10 d, the animals were weighed again, with this weight used as their test period weight (TWT). The animals were then transported to the methane testing facility at the University of New England.
At the methane testing facility, the cattle were kept in their groups of 10 in small external yards and fed the same amount of the same chaff ration for a minimum of 4 d. Then, the first of the 4 groups was moved into the animal house and each animal was fed in an individual pen (1.8 by 3 m) for 2 d at 1.2 times estimated maintenance based on the TWT of the animal before being moved into the respiration chambers. Methane production was measured over two consecutive 24-h periods, a duration similar to that used recently in sheep by Pinares-Patiño et al. (2013) , who reported repeatability estimates for MPR of 0.94 between consecutive days and 0.53 across years. The animals were let out of the chambers after a total of 48 h and the cohort of animals was returned to the research center at Trangie after the methane test. Although an initial evaluation in the current study based on the first 2 cohorts (80 cattle) showed a high repeatability (r > 0.95) between the first and second 24-h MPR measurements, the two consecutive 24-h measurements were maintained throughout the study period as a safeguard against any equipment/recording system failure on a particular day. Animals tested in 2011 remained in the same chambers for the entire two 24-h MPR measurement. However, the animals tested in 2012 and 2013 were moved into different chambers for the second 24 h to avoid confounding of individual animal measurement with chamber and also to reduce any systemic biases between chambers not removed by correction for recoveries.
Traits Studied
The definitions of the traits used in this study and the formulas used in calculating them are presented in Table 1 . Dry matter intake during the methane measurement period and MPR were used to calculate MY. Four different forms of residual MPR (RMP) are defined to target MPR independent of feed intake. Residual MPR is a measure of actual MPR minus expected MPR (expMP). For the first 3 forms of RMP (RMP B , RMP J , and RMP I ), expMPR was calculated using published, widely used prediction equations. For the last form (RMP R ), the residuals from a simple regression of MPR on DMI performed within cohort were used, and these residuals are equivalent to actual MPR minus expMPR.
To calculate expMPR (in L methane/d), published prediction equations were used to derive a methane conversion factor (Ym), being methane energy as a percentage of diet GE, which was then multiplied by the animal's intake of diet GE (GEI), to give expMPR in kilograms per day, which in turn was converted to liters per day. Values of 18.4 MJ GE/kg diet DM (SCA, 2000) and 0.716 kg/m 3 (1,397 L/kg) for the density of methane at 0°C were used.
For RMP B , the Ym was calculated by formula of Blaxter and Clapperton (1965) : Ym = 1.30 + (0.112 × DMD) + [level of intake × (2.37 -0.05 × DMD)], with DMD = 65% and level of intake = 1.2 × maintenance in this experiment, yielding a value of 7.5% for Ym. For RMP J , the recommended Ym = 6% of GEI for high roughage diets was used. For RMP I , the recommended Ym = 6.5% of GEI for grazing cattle and buffalo (Table 10 .12 in IPCC, 2006) was used.
The mean (±SD) age of all animals at the time of MPR measurement was 448 (±183) d. Growth traits considered were birth (BWT), weaning (WWT), yearling (YWT), and final weight (FWT), which were measured at birth and at mean (±SD) age of 238 (±22), 416 (±27), and 593 (±93) d, respectively. Body composition traits, rib fat (RIBFAT) and P8 rump fat thickness (P8FAT), and eye muscle area (EMA) were measured by accredited real-time ultrasound scanners at a mean (±SD) age of 589 (±95) d. The RIBFAT and P8FAT are measurements of subcutaneous fat thickness commonly used in Australia, with RIBFAT measured between the 12th and 13th ribs and P8FAT measured on the rump, at the intersection of a line parallel to the spine from the tuber ischium and a line perpendicular to it from the spinous process of the third sacral vertebra. The crosssectional area of the eye muscle (longissimus dorsi) was measured between the 12th and 13th ribs.
Data and Statistical Analysis
For this study, data on animals born in 2009, 2011, and 2012 and measured for MPR in 2011, 2012, and 2013, respectively, were used. The total number of animals with complete records was 777, comprising 210, 316, and 251 animals from those born in 2009, 2011, and 2012, respectively. Variance and covariance components were estimated with an animal model using ASReml (Gilmour et al., 2006 ). The standard model used included a fixed effect of contemporary group, random additive genetic effects, and residual effects. Contemporary group included cohort, methane group, and management group. Additional fixed effects and covariates were added to the standard model where these variables were significant (P < 0.05) for a particular trait. The standard model was used for RMP R , whereas for BWT, age of dam (in yr) was added to the model as a linear covariate. For MY, RMP B , RMP J , RMP I , FWT, and EMA, a linear covariate for age of the animal (in d) was included in the standard model. For the remaining traits (DMI, MPR, WWT, YWT, RIBFAT, and P8FAT) age of the animal as well as age of dam were added to the model as linear covariates. Bivariate analyses of all trait combinations were conducted to obtain phenotypic correlation coefficients using the models described, except for the analysis of MY with RMP R , where contemporary group was dropped.
RESULTS AND DISCUSSION
Descriptive statistics of the traits studied are presented in Table 2 . It should be noted that for MY and the 4 RMP traits, lower values are desirable as these traits represented reduced GHG emissions per unit of feed consumed. Phenotypic correlations among the methane traits, including DMI, are presented in Table 3 . There was a strong (r > 0.60) correlation between MPR and DMI, which is in agreement with previous findings in ruminants (Blaxter and Clapperton, 1965; . Feed intake (or DMI) is positively correlated with BW in cattle (Koots et al., 1994; Arthur et al., 2001b) ; hence, any GHG mitigation strategy that directly targets reductions in MPR, without any checks and balances, may result in reduced DMI, which in turn may result in reduced animal productivity.
To help overcome the link between reduced MPR and reduced animal productivity, management strategies have been developed that target reduction in methane intensity (MPR per unit of animal product). Some of these strategies, which have been summarized by Arthur et al. (2009) , included using adapted high-producing cattle, reducing the age at slaughter while maintaining slaughter weight, and using cattle that are efficient in feed utilization. The last 2 GHG strategies are currently approved for carbon offset trading in Alberta, Canada (AESRD, 2014) . Strategies that target reductions of methane intensity have also been recommended for implementation by the recent FAO report (Gerber et al., 2013) . Most of the GHG emission reduction strategies that target reductions in methane intensity are reliant on improving productivity of cattle to reduce emissions per unit of product. Hence, GHG emissions reduction for cattle at the national or global level can only be achieved if there is a cap or reduction in animal numbers. A number of other industries are also faced with this dilemma. The automobile industry, for example, is reducing GHG emissions of vehicles per unit of distance traveled, and as with cattle, any reductions in the national or global emissions can effectively be achieved if the number of cars on the road or distances traveled are capped or reduced. Therefore, as pointed out by Arthur et Cross-sectional area of the longissimus dorsi between the 12th and 13th ribs measured by ultrasound scanning al. (2009), it is important that, in addition to methane intensity, other strategies such as directly reducing the GHG emissions per unit of feed intake be developed. Methane yield was not correlated with DMI but was positively and highly correlated with MPR (Table 3) . This implies that reducing MY as a GHG mitigation strategy should have no impact on DMI, and hence maintain animal productivity, but have the correlated effect of reducing MPR. There are only 2 reports currently available in the literature and both indicate that MY is a heritable trait. One report (Pinares-Patiño et al., 2013) is in sheep, with a heritability estimate for MY of 0.13, and the other is a preliminary report (Donoghue et al., 2013) in beef cattle (as part of the program of the current study), with a heritability estimate for MY of 0.19. Therefore, the potential exists to use MY in genetic improvement. However, the use of ratio traits for genetic selection presents problems relating to prediction of the change in the component traits in future generations. This is due to the disproportionate fashion by which selection pressure is exerted on the component traits. Gunsett (1984) compared the efficiency of direct selection for a 2-component trait with a linear index trait derived from the same 2 components. It was concluded that the use of a linear index increases selection responses as compared with direct selection on the ratio trait. Hence, for feed efficiency, traits derived as linear indices, such as residual feed intake (RFI; Koch et al., 1963; Arthur et al., 2001a; Crowley et al., 2010) , have been used for genetic improvement instead of ratio traits such as feed conversion ratio. The RMP traits have therefore been developed for this study along similar lines, to capture the variation in MPR net of that expected from the amount of DMI. The close to 0 correlation coefficients between the 4 RMP traits with DMI confirms that these traits are behaving like MY. The correlation coefficients among the 4 RMP traits were all close to unity and were all very strongly (r from 0.82 to 0.95) correlated with MY, and all had strong positive correlations with MP.R This implies that, as with MY, any GHG mitigation strategy that targets reduction in any of the RMP traits should have no impact on DMI, should maintain animal productivity, and should have the correlated effect of reducing MPR.
Phenotypic correlations between methane traits and growth and body composition traits are presented in Table  4 . The correlation between MPR and BWT was weak (r < 0.25), whereas those between MPR and the other BW traits (WWT, YWT, and FWT) and EMA were moderate (r values between 0.25 and 0.64) and positive. These results are similar to those reported in sheep by PinaresPatiño et al. (2013) , where the correlation between MPR and WWT (at 3 mo of age), BW at 8 mo of age, and eye muscle depth were 0.43, 0.52, and 0.32, respectively. The moderate association between MPR and BW traits is likely a reflection of the strong positive association between MPR and DMI (as in this study) and between DMI and BW (as in studies such as Koots et al., 1994; Arthur et al., 2001b) and that the animals in this study were fed in proportion to their test-period BW. These correlations reinforce the assertion that directly reducing MPR may have a detrimental impact on ruminant productivity. The fatness traits (RIBFAT and P8FAT) were also positively but weakly associated with MPR. The 4 RMP traits and MY were generally uncorrelated or very weakly correlated with any of the growth and body composition traits. These results are also similar to those reported in sheep (Pinares-Patiño et al., 2013) , where the correlation between MY and WWT (at 3 mo of age), BW at 8 mo of age, and eye muscle depth were 0.01, 0.03, and -0.01, re- spectively. These results indicate that reducing MY or any of the RMP traits as a GHG mitigation strategy should reduce MPR with minimal impact on animal productivity. In the computation of RMP R , the expMPR was derived by regression using the data generated in the study, whereas the other 3 RMP traits used formulas from other studies to generate expMPR. Computation of expMPR by standard formulas has the advantage of being used for small as well as large data sets to derive RMP. However, a large data set is recommended to ensure that a statistically significant regression is obtained in computing the expMPR for RMP R . Computation of RMP by regression from the data set will, by definition, guarantee independence from the dependent variable (DMI). However, this independence is not always achieved in the case when RMP traits are calculated with standard formulas, especially when the conditions to which the animals were subjected differ between the current animals and the original animals on which the equations were developed. This shortcoming in the use of standard formulas to calculate expMPR from DMI has been alluded to by Ellis et al. (2010) and Bickell et al. (2014) . The independence from DMI by the RMP B , RMP J , and RMP I obtained in this study may be unique to this data set and/ or the specific standard formulas selected for this study. Using RFI as an example, phenotypic independence of the dependent variable from the independent variable is achieved in all studies where RFI is computed by regression (Arthur et al., 2001a) , whereas, for RFI computed from feeding standards tables, such phenotypic independence is not always achieved, as in the studies by Fan et al. (1995) and Arthur et al. (2001b) .
The results of this study indicate that reducing MPR per se can lead to a detrimental effect on growth and body composition of cattle. Reducing MY, however, will likely have the effect of reducing MPR without impacting productivity of the cattle. The use of a ratio trait in animal breeding is undesirable and any of the 4 RMP traits can be used in place of MY. However, where a large data set is available and a guarantee of independence from DMI is a requirement, RMP by regression should be a trait worth considering. 
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